Vertebrate fossils have been collected for hundreds of years and are stored in museum collections around the world. These remains provide a readily available resource to search for preserved proteins; however, the vast majority of palaeoproteomic studies have focused on relatively recently collected bones with a well-known handling history. Here, we characterize proteins from the nasal turbinates of the first Castoroides ohioensis skull ever discovered. Collected in 1845, this is the oldest museum-curated specimen characterized using palaeoproteomic tools. Our mass spectrometry analysis detected many collagen I peptides, a peptide from haemoglobin beta, and in vivo and diagenetic post-translational modifications. Additionally, the identified collagen I sequences provide enough resolution to place C. ohioensis within Rodentia. This study illustrates the utility of archived museum specimens for both the recovery of preserved proteins and phylogenetic analyses.
Introduction
Palaeoproteomics is a rapidly growing subfield of molecular palaeontology, because it has been shown that proteins can provide phylogenetically informative sequence data, which persists well beyond the limit of DNA preservation [1] [2] [3] [4] [5] . Consequently, examination of protein sequences from vertebrate remains has become an attractive way to resolve parts of the vertebrate evolutionary tree that remain ambiguous after morphology-based phylogenetic inference [5] [6] [7] . However, the vast majority of these studies have relied on protein extraction from specimens that were recently collected (e.g. less than 30 years ago), limiting the diversity of taxa that have been characterized [1, 2, 4, 5, [7] [8] [9] [10] [11] [12] . This fails to use the extensive collections of vertebrate remains possessed by many museums that were collected by naturalists in the nineteenth and early to mid-twentieth centuries. These specimens provide a readily available resource for proteomic investigation, and the sheer diversity of these collections holds great potential for the breadth of questions that may be elucidated by in-depth study.
However, proteomic investigations of long-archived museum specimens present many challenges, and care must be taken in interpretation of sequences derived from them. Typically, many of these specimens have an unknown and undocumented handling history, and thus critical information such as the application of consolidants, storage conditions and excavation details are missing. The lack of these data is one of the primary reasons why many palaeoproteomic studies have focused on recently collected remains; indeed, a known collection record has been a criterion for specimen selection that we (T.P.C. and E.R.S.) have applied to our own investigations [1, 10] . Additionally, recent evidence suggests that molecules begin to degrade once a skeleton is removed from the equilibrium state of its burial environment [13] [14] [15] , which may lead to loss of molecular information that could otherwise be gleaned from a freshly collected specimen of the same species. Together, these challenges contribute to the perception that historically collected specimens are simply too problematic to study using palaeoproteomic methodology.
To test whether we could obtain endogenous, phylogenetically informative peptide sequences from historical museum collections, we conducted proteomic analyses on protein extracts from the first known skull of Castoroides ohioensis (New York State Museum, NYSM VP-47), which was collected in 1845. Here, we characterize proteins and protein modifications obtained from a specimen collected more than 170 years ago, and use them to conduct phylogenetic analyses that support their endogeneity and utility for evolutionary investigations.
Material and methods (a) Castoroides ohioensis skull
This skull (NYSM VP-47) was recovered in 1845 on the farm of General W. H. Adams of Clyde, NY, during excavation of a canal that connected Lake Ontario to the Erie Canal (figure 1) [16] [17] [18] . It was found approximately 2.5 m below the surface in a layer of fine sand (about 0.75 m thick) containing Planorbis, Valvata and Cyclas shell fragments [16] . Three layers occur above the skull, which were originally described as follows from the surface: (i) 'vegetable soil' (0.5-0.75 m thick) with heavy tree growth; (ii) a plant-rich (i.e. twigs, leaves, plant fragments) layer of fine sand with some clay (up to 1 m thick); and (iii) peat (over 1 m thick) including wood, bark, leaves and tree trunks [16] . Recently, the specimen has been carbon dated to 10 150 + 50 14 C yr BP (12 050-11 420 cal yr BP, 2s; NOSAMS OS-73632; [19] ).
(b) Protein extraction
Two sets of fragments from the nasal turbinates (sample 1, 19.5 mg; sample 2, 19.8 mg) of NYSM VP-47 were homogenized with a Bead Ruptor 24 (Omni International) using the non-demineralization buffer from [20] to extract proteins. The turbinates were chosen because this skull has an apparent varnish on the entire exterior (figure 2) that does not appear to have been applied within the nasal cavity. In short, the bone proteins were extracted in 600 ml of 400 mM ammonium phosphate dibasic/ 200 mM ammonium bicarbonate/4 M guanidine HCl pH 8.2 with the following homogenization parameters: five cycles of 45 s homogenization at 6.95 m s 21 followed by 5 min dwell time on ice. After extraction, all samples were centrifuged at 13 200 r.p.m. for 10 min and the protein concentration was measured with the Pierce Protein Plus (Coomassie) Assay. Subsequently, the samples were microdialysed [21] for 2 days at 48C, then stored at 2208C until use. A buffer control (a sample that contains no bone material, only buffer reagents) was produced in tandem with the fossil sample, using the same procedure above.
(c) Protein digestion
Dialysed protein (30 mg) and a dialysed buffer control (equal volume to the protein sample) were reduced with 10 mM dithiothreitol for 1 h at room temperature, alkylated with 30 mM iodoacetamide for 1 h in the dark, then digested with Promega Trypsin Gold (1 : 100, trypsin: bone protein) overnight at 378C. The resultant peptides were desalted using Empore C18 (3 M) stage tips [22] . . The five most abundant peaks were fragmented using CID and analysed in the ion trap.
(e) Data analysis
All RAW files were searched using PEAKS 7.5 [23] with the following parameters: precursor mass tolerance was set to 10 ppm and fragment ion mass tolerance to 0.5 Da. Three missed cleavages were allowed, and non-specific cleavage was allowed at one end of each peptide. The following post-translational modifications (PTMs) were allowed: fixed-carbamidomethylation . Up to 7 PTMs were allowed per peptide to accommodate for large collagen I peptides with abundant proline hydroxylations. Spectra were searched against the UniProt Mammalia and cRAP (The Global Proteome Machine) databases, and PEAKS PTM and SPIDER were enabled. FDR filtering was set to less than or equal to 1% for PSMs, and either less than or equal to 1% FDR for proteins or a protein score of 2101gP ! 20 (whichever was more strict) plus 1 unique peptide. Neither database contains bacterial nor fungal proteins.
(f ) Phylogenetic analysis
Peptides were aligned using Seaview 4.5.4 Â 64 against various Euarchontoglire collagen I sequences derived from UniProt (electronic supplementary material, table S1). A basic consensus method was used to generate final C. ohioensis collagen I alpha 1 and alpha 2 sequences. For leucine (L) and isoleucine (I) determination if the consensus method resulted in ambiguity during alignment, we chose the majority sequence homology with the aligned species to determine which amino acid was chosen (sensu [6] ). This was applied to the following residues (chain,
After manual concatenation, MRBAYES files were generated in MESQUITE v. 3.04 [24] . Using MRBAYES v. 3.2.2 Â 64 [25] , the collagen I matrix was searched with the following parameters: outgroup Homo sapiens, prset aamodelpr ¼ mixed, 100 000 generations with sampling frequency 10, and burnin of 25 000 generations. Trees were output in FIGTREE v. 1.4.0.
Results and discussion
Palaeoproteomic studies have focused on relatively recently collected vertebrate remains because of their unknown sampling history. Our selection of nasal turbinates from this historically collected C. ohioensis skull overcomes this unknown history for the first time and has allowed us to detect many endogenous peptides from collagen I and a single peptide from haemoglobin beta (see below). Nasal turbinates provide a relatively protected area for sampling in many mammalian skulls, reducing the likelihood of having consolidants applied to them, and offer a position to destructively sample that has limited or no impact on the external morphology of the skull.
(a) Mass spectrometry
The mass spectrometry analysis of sample 1 (20 resulted in 3381 MS1 scans and 14 458 MS2 scans (2427 PSMs, 462 unique peptides). For both samples, the vast majority of the detected peptides were from collagen I alpha 1 and alpha 2, with the exception of one haemoglobin beta peptide (electronic supplementary material, figure S1 ). A consensus of collagen peptides from both samples resulted in 49.7% of the mature sequence of collagen I alpha 1 (when compared with mouse mature collagen I alpha 1), and 44.0% collagen I alpha 2. The prevalence of collagen I in these samples is consistent with bone tissue, where collagen I represents 90% of the total bone protein [26] . Further, the recovery of over 40% of both alpha 1 and alpha 2 suggests that the molecular preservation in this historically collected specimen is substantial enough to support basic phylogenetic analyses and evaluate PTM preservation. We detected a variety of both in vivo and diagenetic PTMs in these samples, but did not detect glucosylgalactosyllysine (contra [11] ). The lack of glucosylgalactosyl modification may be related to non-detection of the cross-linking region within the collagen triple helix [27] or neutral loss of the sugar molecules and limited peptide fragmentation during CID fragmentation [28] . For NYSM VP-47, the majority of in vivo PTMs identified were hydroxylation of proline (figures 3 and 4). Hydroxyprolines are essential for forming the tertiary structure of collagen I into a triple helix [29] ; thus, the abundance of hydroxyproline is consistent with almost exclusive detection of collagen I peptides. We also identified methylation on arginine residues, consistent with [10] and glutamic acid residues (figure 4). Arginine methylation was localized to one position on the collagen I alpha 2 chain (EGPVGLPGIDGRPGPIGPAGAR, position 492 (compared to Mus musculus)) and one position on the collagen I alpha 2 chain (AGDRGETGPSGPAGPAGPTGAR, position 1043 (compared to M. musculus)), which are probably endogenous to NYSM VP-47 because no known diagenetic modifications have been shown to change PTMs with this specificity. However, these collagen I arginine methylations have unknown roles in extant collagen I, so further investigation is warranted to understand their function in bone. Both hydroxylation and methylation have been previously identified in palaeoproteomic studies of bone collagen I [5, 8, [10] [11] [12] , so this specimen further supports biological PTM preservation in fossils. For in vivo PTMs, we hypothesize that the hydroxylation, methylation and acetylation we observe on these collagen I peptides are derived from NYSM VP-47 because they (i) require enzymes to produce with specificity [10, 30, 31] and (ii) are observed on expected residues compared to extant PTM profiles [10] , especially for hydroxylation of proline on the third residue in the Gly-X-Y motif [29, 32] . However, other novel PTMs of collagen I are still being localized and detected, so identification of previously unknown PTMs does not preclude them being endogenous.
We also observe a number of previously identified diagenetic changes to the sequences. Some of these modifications may be the result of sample preparation (e.g. deamidation); rspb.royalsocietypublishing.org Proc. R. Soc. B 283: 20160593 however, our non-demineralization-based, slightly basic buffer extraction method (in contrast to acidic methods) should limit the introduction of artefacts. These diagenetic PTMs (electronic supplementary material, table S2) include at least three examples of protein truncation (i.e. non-tryptic N-terminal or C-terminal ends [10] ), the advanced glycation end-product (AGE) carboxymethyllysine (CML; figure 3a,b) , and variable deamidation (figure 3a). The following truncations were observed, and are denoted by j or j. indicating the amino acid following a truncation occurs at the end of the peptide: (i) collagen I alpha 2 GPAGEPGTAGPPGTPjGPQGj LjLGAPGILGLPGSR.; (ii) collagen I alpha 2 GSDGSVGP VGPAGPIGSAGPPGFPGAPGPKGj. and (iii) collagen I alpha 1 GjVSVPGPMGPSGPR. These truncations and the CML-modified peptides are located at different positions than those from previously detected from non-mammalian collagen I sequences [10] , supporting their diagenetic, nonenzymatic origin. These truncations, which would result in many collagen sequences of variable, unpredictable lengths, may be a source of the smearing frequently observed in palaeoproteomics SDS-PAGE gels [12] . Future analyses of protein truncations and other diagenetic changes may allow for a deeper understanding of how collagen I degrades and/or preserves in the fossil record [33] . The combination and prevalence of AGEs and protein truncations in these samples support the endogeneity of these sequences to C. ohioensis, as recent protein contamination of the skull would not show characteristics of degradation, and that the collagen is well preserved.
(b) Phylogenetic analysis
To test whether the degraded peptide sequences of collagen I recovered from this specimen were truly from C. ohioensis and not an exogenous source, we performed phylogenetic analyses using these peptides. Collagen I is a largely conserved protein; however, it has recently been used to resolve the phylogenetic position of multiple taxa with unresolved phylogenetic positions [5] [6] [7] . Castoroides ohioensis has a relatively constrained phylogenetic position within Castoroidinae (a subclade within Rodentia) [34, 35] ; however, no previous attempt to apply molecular phylogenetic inference has been attempted for this species. Here, we searched an aligned, concatenated collagen I alpha 1 and alpha 2 matrix (2856 amino acid sites, 910 complete sites (no gaps, no X), 195 variable sites) using MRBAYES allowing for optimized model selection based on the results. The Dayhoff model [36] was the only model used for this analysis and was the only model found to have a model probability of more than 0.050. The resultant tree ( figure 5 ) from the analysis of the consensus C. ohioensis collagen I sequences resulted in a tree topology with C. ohioensis as a sister taxon to Ictomys tridecemlineatus within Rodentia (figure 5), with Oryctolagus cuniculus (Lagomorpha) representing the sister taxon to the Rodentia clade ((Heterocephalus glaber, Cavia porcellus), ((C. ohioensis, I. tridecemlineatus), (Castor fiber, (Mus musculus, Rattus norvegicus)))). This topology generally reflects what has been observed for extant taxa using nuclear genes [37] with the exception of the relationship between C. ohioensis and I. tridecemlineatus. Synthesizing morphological trees containing C. ohioensis [34] and the molecular Rodentia tree [37] indicates that I. tridecemlineatus should be phylogenetically closer to O. cuniculus than C. ohioensis, and C. ohioensis should be the sister taxon to C. fiber, but this may be the result of the conserved nature of collagen I. Regardless of minor topological differences compared with previous analyses, the well-supported placement of C. ohioensis within Rodentia based solely on collagen I sequences supports the endogeneity of these sequences. Future addition of other collagen I sequences and other protein sequences will further refine the molecular placement of C. ohioensis within Rodentia.
Conclusion
Recent advances in palaeoproteomics have allowed for the investigation of new questions about the kinds of proteins [8, 12] and in vivo PTMs [10] that preserve, as well as the types of PTMs that can arise from diagenesis [10] . However, the restriction of previous studies to recently collected specimens has limited the scope of such investigations. For the first time, we have been able to detect peptide sequences from skeletal remains collected over 170 years ago. This C. ohioensis skull was not collected for molecular analyses or stored, for much of its history, in a way that would promote preservation of biomolecules; however, it has yielded a large amount of peptide sequence information and PTM data that are both endogenous and place C. ohioensis within Rodentia. These data support that historically collected vertebrate remains can retain proteins and that they can be used extensively in future palaeoproteomic studies to better cover greater portions of the phylogenetic tree.
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